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ABSTRACT  "Low sodium" muscles  were prepared which contained around 
5 mmoles/kg fiber of intraceUular sodium. "High sodium" muscles containing 
between 15 and 30 mmoles/kg fiber of intracellular sodium were also prepared. 
In low sodium muscles application of 10  -5 M strophanthidin reduced potassium 
influx by about 5 %. Potassium efltux was unaffected by strophanthidin under 
these  conditions.  In  high  sodium  muscles,  10  -5  M strophanthidin  reduced 
potassium influx by 45 % and increased potassium effiux by 70 %, on the average. 
In low sodium muscles sodium efttux was reduced by 25 % during application 
of 10  -5 ~ strophanthidin while in high sodium muscles similarly treated, sodium 
efflux was reduced by about 60 %. Low sodium muscles showed a large reduc- 
tion in sodium efltux when sodium ions in the Ringer solution were replaced 
by lithium ions. The average reduction in sodium eftlux was 4.5-fold.  Of the 
amount of sodium efftux remaining in lithium Ringer's solution, 40 % could be 
inhibited by application of 10  -5 M strophanthidin. The total sodium efltux from 
low sodium muscles  exposed  to Ringer's solution in which lithium had been 
substituted for sodium ions for a  period of 1 hr can be fractionated as  78 % 
Na-for-Na interchange, 10 % strophanthidin-sensitive sodium pump, and  12 % 
residual sodium efftux. It is concluded that large strophanthidin-sensitive com- 
ponents of sodium and potassium flux can be expected only at elevated sodium 
concentrations within the muscle cells. 
INTRODUCTION 
The ability of skeletal muscle cells to recover potassium ions in exchange for 
extruded sodium ions is abolished by application of various cardiac glycosides 
such as strophanthidin or ouabain  (Matchett and Johnson,  1954; Johnson, 
1956). This effect of cardiac glycosides on sodium and potassium transport in 
skeletal muscle cells becomes apparent as a  slowing acdon on tracer sodium 
ei~ux  (Edwards and Harris,  1957;  Horowicz and Gerber,  1965;  Sjodin and 
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Beaugd,  1967) and a similar action on tracer potassium influx (Harris,  1957). 
Though the effects of cardiac glycosides on tracer sodium and potassium fluxes 
in muscle cells are of the general type required to explain the net changes in 
ion contents observed,  the quantitative variability and discrepancies among 
the results reported are considerable. For example, the data of Harris (1957), 
indicate that potassium uptake in frog muscle is reduced 47%, on the average, 
by  the  application  of cardiac glycosides. The  same author reports  that  the 
glycosides increase potassium efflux by about 30a~.  The combined effect on 
the potassium flux ratio  (efflux/influx) inferred from these figures is thus an 
increase of 2.5-fold.  In other investigations, however, application of 5  #g/ml 
of strophanthidin  did not alter the potassium flux ratio by more than  15°-/o 
(Sjodin,  1965) nor did ouabain significantly affect potassium influx (Keynes, 
1965).  Clearly, the discrepancies are large enough to warrant further investi- 
gation. 
With regard to the action of inhibitors on sodium efflux from muscle cells, 
there are also quantitative discrepancies in the literature. Keynes and Maisel 
(1954)  found ~4Na efflux from frog muscle cells to be rather insensitive to the 
presence of metabolic inhibitors.  Horowicz and Gerber  (1965)  on the other 
hand observed that about 80% of the resting sodium efflux from frog muscle 
could be inhibited by application of 10  -s ~ strophanthidin. In muscles extrud- 
ing  sodium  in  exchange  for  extraceUular  potassium,  Edwards  and  Harris 
(1957) and Sjodin and Beaugd (1967) observed that cardiac glycosides reduced 
the efflux of sodium ions by about 50°-~. 
A fraction of the total sodium effiux not requiring metabolic energy and due 
to  a  sodium-for-sodium  exchange  has  been  termed  "exchange  diffusion" 
(Ussing, 1949; Keynes and Swan, 1959). Variability in the literature as to the 
extent of operation of this process in muscle cells is also apparent. Keynes and 
Swan (1959) observed that about half the sodium efflux from freshly dissected 
muscle cells was due to exchange diffusion.  Horowicz and Gerber  (1965)  on 
the other hand attributed very little sodium efflux to this process. 
In this paper,  it is concluded that the variability observed in the effects of 
cardiac glycosides on potassium and  sodium fluxes in muscle depends on the 
internal  sodium concentration.  In  a  following paper,  a  satisfactory basis  is 
established by which a variable sodium-free effect can be explained. 
METHODS 
Due  to  normal biological  variability, a  rather large number  of experiments were 
required to establish  the correlations presented in this paper.  It was not considered 
worthwhile, from a practical point of view, to perform all the experiments reported at 
a variety of internal sodium concentrations. The procedure adopted was to prepare 
muscles with a uniformly low sodium content of about half that of a freshly dissected 
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from two to three times that of a fresh muscle. Studies on both classes of muscle provide 
a  range  over  which  most  of the  variation  referred  to  in  the  introduction  can  be 
accounted for.  As most of the work previously reported has been done using freshly 
dissected muscles, results obtained in the intermediate range of internal sodium con- 
centration are available. 
To prepare muscles with an elevated sodium content, freshly dissected sartorii were 
stored in a  potassium-free Ringer solution at 3°C for 40 hr.  Such muscles acquired a 
sodium concentration  of about  25  inM/kg,  on the  average, which is  of the  order  of 
two to three times the normal sodium content of a  freshly dissected sartorius.  These 
muscles are designated high sodium muscles in the text. Muscles with about half the 
normal sodium content were  prepared  by storing freshly dissected  sartorii in  5  rnM 
potassium Ringer's solution at 20°C for a 3 hr period. In cases in which paired muscles 
were used to prepare one muscle with an elevated sodium content and a  mate with a 
low sodium content, the mate was also kept at 3°C for 40 hr, but in a  Ringer solution 
with 2.5 mM potassium. At the end of this period, the latter muscle was stored in 5 mM 
potassium Ringer's solution for 3 hr at 20°C. The average sodium content of muscles 
treated in this way did not differ significantly from that of freshly dissected muscles 
stored immediately in 5 mM potassium Ringer's solution for 3 hr. The mechanism for 
the attainment of a  lowered sodium concentration within these muscles is the stimu- 
lating action of 5 mM K  on the sodium pump. The average intracellular sodium con- 
centration obtained in these muscles was 4.9  mM/kg which is very close to one-half 
the  average  sodium  concentration  of freshly  dissected  muscles.  These  muscles  are 
designated low sodium muscles in the text. 
Analyses for intraceUular  sodium and potassium contents were performed by the 
method previously described using the flame photometer previously described (Sjodin 
and  Henderson,  1964).  Optical filters of wavelength 768 m/~ for potassium and  589 
m# for sodium were  employed. There  was  no  detectable  interference at  the  levels 
employed.  Muscles  were  rinsed  in  a  potassium-  and  sodium-free  Tris-substituted 
Ringer solution for  10 rain prior to ashing for cation analyses.  Extracellular  cations 
were removed in this way. The amounts of intracellular potassium and sodium lost 
during the removal of extracellular cations were negligible. 
Influx and effiux were measured as previously described (Sjodin  and  Henderson, 
1964)  using the radioactive labels aK and 2~Na. In some of the sodium efflux experi- 
ments ~4Na was also used.  The radioactive isotopes employed were procured  as  the 
chloride salts. Radioactivity was assayed using a  ~-ray spectrometer with a  well-type 
detector.  Rate  constants  for  loss  of  radioactivity  were  obtained  by  plotting  the 
back-added counts/min remaining in the muscle semilogarithmicaUy against time. 
Strophanthidin  was  stored  under  refrigeration  in  an  alcoholic  solution.  Ringer's 
solutions containing 10  -5 M strophanthidin were prepared freshly for each experiment. 
The  concentrations  of ethanol  in  the  Ringer  solutions  were  in  these  cases,  0.05 % 
(v/v). It was determined in controlled experiments that this concentration of ethanol 
had no detectable effects on the fluxes measured.  In some preliminary experiments, 
it was determined  that  the  effects of 10  -5 M ouabain on the  potassium and  sodium 
fluxes were identical to those obtained with  10  -s M strophanthidin. 
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TABLE  I 
EFFECT  OF  INTRACELLULAR  SODIUM  CONCENTRATION  ON 
STROPHANTHIDIN  SENSITIVITY  OF  POTASSIUM  INFLUX 
Pairs of sartorii from the same animal were employed. Muscle pairs were 
prctreated as described in text to obtain either low or high sodium muscles. 
One muscle then served as a  control while its mate was exposed to  10  -s M 
strophanthidin during uptake. 
Final muscle 
cation COXtte~ttt$ 
Experiment  Experimental  Duration of 
No.  Pretreatment  treatment  [K]o  K  Na  aK uptake  K uptake 
Ratio 
S~. 
Comzol 
80  Low Na 
Low Na 
83  Low Na 
Low Na 
93  Low Na 
Low Na 
94  Low Na 
Low Na 
104  Low Na 
Low Na 
106  Low Na 
Low Na 
61  High Na 
High Na 
62  High Na 
High Na 
63 
91 
92 
High Na 
High Na 
High Na 
High Na 
High Na 
High Na 
103  High Na 
High Na 
105  High Na 
High Na 
m u  mmoles/kg fiber  hr  Itanolts/g kr 
Control 2.5  67.4  6.1  2.5  5.9  1.0 
Stroph. 2.5  72.3  10.3  2.5  5.9 
Control 2.5  72.6  6.7  3.0  7.6  1.0 
Stroph. 2.5  67.2  11.7  3.0  7.6 
Control 5.0  77.3  4.1  1.0  14.0  0.97 
Stroph. 5.0  72.1  8.8  1.0  13.5 
Control 5.0  75.4  6.2  1.0  10.5  0.90 
Stroph. 5.0  75.0  7.5  1.0  9.4 
Control 5.0  85.0  4.4  1.5  14.2  0.92 
Stroph. 5.0  80.0  7.3  1.5  13.1 
Control 5,0  81.6  4.7  1.5  12.0  0.89 
Stroph. 5.0  76.4  6.9  1.5  10.7 
Control 1,0  67.8  9.1  4.0  1.5  0.57 
Stroph.  1.0  65.0  16.1  4.0  0.86 
Control 1.0  41.3  33.8  4.0  1.4  0.36 
Stroph.  1.0  39.5  41.2  4.0  0.50 
Control 1.0  50.6  27.0  4.0  1.3  0.45 
Stroph.  1.0  51.6  25,6  4.0  0.58 
Control 0.2  56.5  20.8  1.5  0.67  0.70 
Stroph. 0.2  46.8  21.5  1.5  0.47 
Control 5.0  73.2  7.4  1.5  18.0  0.44 
Stroph. 5.0  51.7  24.8  1.5  8.0 
Control 5.0  78.4  9.3  1.5  22.2  0.70 
Stroph. 5.0  63.0  24.2  1.5  15.6 
Control 5.0  73.0  9.1  1.5  22.2  0.51 
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105  mM;  KCI,  2.5  mM;  CaCI2,  2  re_u; tris  (hydroxymethyl) aminomethane, 1  mM 
(Tris). The Tris buffer was neutralized to give a  pH of 7.35.  The storage solution for 
sodium enrichment was identical  to  the  standard  solution except that it contained 
no KC1.  The 5  mM K  Ringer solution was the standard solution with the KCA con- 
centration raised to 5 raM. 
Experiments  were  carried  out  in  a  constant  temperature  bath  set  at  20°C.  All 
experiments were performed on sartorius muscles from Rana pipiens. 
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FIGURE I.  The influence of the intracellular  sodium concentration on potassium influx 
is illustrated.  From the pair of sartorii  aa  r,  muscle a t was enriehecl with sodium  and 
muscle a was subjected to the experimental  treatment employed to reduce the internal 
sodium concentration.  Potassium influx was measured  on each muscle employing 4~2 as 
a tracer. The external potassium concentration was 5 raM. The upper curve was obtained 
on the muscle with an elevated sodium content.  The experiment  illustrated  is typical of 
those of this type reported in Table I. 
RESULTS 
The Influence of the Internal  Sodium  Concentration on the Sensitivity  of Potassium 
Influx  to  Strophanthidin  The  results  obtained  in  experiments  performed  to 
measure the effects of 10  -s M strophanthidin on potassium influx into low and 
high  sodium muscles are  summarized in  Table  I.  The  average value of the 
ratio (influx with strophanthidin/control influx) is 0.95 for low sodium muscles 
and 0.53 for high sodium muscles. On the average, 50-/o of potassium influx into 
low sodium muscles can  be  inhibited  by  10  -s M strophanthidin.  In muscles 
with  a  high intracellular  sodium  concentration,  on the  other hand,  47%  of 394  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  1968 
potassium influx is abolished by application of strophanthidin.  The strophan- 
thidin sensitivity of potassium influx is thus roughly 10 times greater in muscles 
with a high sodium content than in muscles with a low sodium content. 
Another fact becomes apparent from the data in Table I. With no inhibitor 
present, potassium influx is considerably higher in muscles with a  high sodium 
content than in muscles with a  low sodium content.  If only cases in Table I 
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Fzoum~ 2 A.  The pair of sartorii aa' was subjected  to the experimental treatment em- 
ployed to reduce the intracellular sodium content. Potassium  influx was measured on 
both muscles, one in the absence (a), the other in the presence (a') of 10  -5 ~t strophan- 
.thidin. B.  The muscle pair bb' was subjected to the sodium enrichment procedure. Potas- 
sium influx was then measured on both muscles, one in the absence (b), the other in the 
presence (b') of 10  -5 M  strophanthidin. In all cases the external potassium concentration 
was 5 m_M. The experiments  illustrated  are typical of those reported in Table I. 
are considered in which the external potassium concentrations were the same 
(5.0 Ii~), the average rate of potassium uptake by low sodium muscles is  12.7 
#moles/g hr while that for high sodium muscles is 20.8 ~moles/g hr. To obtain 
further evidence for an  internal  sodium-dependent  fraction of potassium  in- 
flux,  one of a  pair  of muscles from the  same  animal  was  made  sodium-rich 
while  its  mate  was  subjected  to  the  treatment  used  to  prepare  low  sodium 
muscles.  Potassium  uptake in  the  absence of strophanthidin  was  then deter- 
mined  for each  muscle.  The  results  of a  typical  experiment  of this  type  are 
illustrated  by Fig.  1.  Potassium  influx is  about  50~o greater in  high sodium 
muscles  than  in  low  sodium  muscles  which  is  consistent  with  the  unpaired 
muscle  comparisons  made  from  Table  I.  The  strophanthidin  sensitivity  of R. A.  SJODIN AND  L.  A.  BEAUO~  Strophanthidin-Sensitive  Components  395 
TABLE  II 
EFFECT  OF  INTRACELLULAR  SODIUM  CONCENTRATION  ON 
STROPHANTHIDIN  SENSITIVITY  OF  POTASSIUM  EFFLUX 
In each experiment a pair of sartorii from the same animal was used to make 
the indicated test.  ~]o  --  5  mM for all experiments. 
Strophanthidin  Final muscle cation contents 
Experiment  Present  (+)  Rate constant  for 
No.  Pretreatmcnt  " Absent  (--)  K  Na  4tK efliux (K*) 
Ratio 
K*  (stroph.) 
K*  (co~xtrol) 
116A  Low Na 
High Na 
116B  Low Na 
High Na 
E 
m 
B 
118B  Low Na  -- 
Low Na  + 
mmoles]kg fiber  hr  -t 
85.0  5.2  0.223 
67.4  21.4  0.235 
82.0  3.5  0.203 
71.0  12.5  0.199 
81.0  4.2  0.197 
84.6  6.2  0.203 
1.03 
119C  Low Na  -- 
Low Na  + 
83.5  3.7  0.165 
80.1  6.7  0,170 
1.03 
1191)  Low Na  -- 
Low Na  + 
122D  Low Na  -- 
Low Na  + 
82.5  5.9  0.127  1.00 
81.5  8.3  0,127 
73.3  4.3  0.151  1,05 
74.6  5.9  0.159 
117C  High Na  -- 
High Na  + 
l17D  High Na  -- 
High Na  + 
lI8A  High Na  -- 
High Na  + 
121A  High Na  -- 
High Na  + 
121B  High Na  -- 
High Na  + 
125A  High Na  -- 
High Na  + 
123A  High Na  -- 
High Na  + 
75.7  11.4  0.187 
65.7  27.0  0.307 
82.5  12.1 
65.0  32.7 
0,193 
0.482 
80.5  8.8  0.185 
72.0  14.5  0.265 
68.5  14.0 
54.0  21.0 
0.140 
0.243 
75.0  7.8  0.122 
66.0  19.0  0.203 
69.5  8.6  0.135 
56.6  20.2  01228 
67.5  8.1 
62.0  18.5 
0.153 
0.247 
1.64 
2,50 
1.43 
1.74 
,1~.66 
i.69 
i: 
1 ~62 
potassium influx in muscles with a high sodium content is compared with that 
obtained in muscles with a low sodium content in Fig. 2 A  and B. 
The experimental  Observations on potassium influx can be summariz~l  as 
follows. When  the internal  sodium concentration  is low,  potassium  influx is ~96  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  "  1968 
insensitive  to strophanthidin.  As the internal  sodium concentration  is raised 
an  increment  of additional  potassium influx  becomes apparent.  This  incre- 
ment in potassium influx is abolished by application of 10  .5 M strophanthidin. 
The evidence in support of the latter statement is that strophanthidin  reduces 
potassium influx in high sodium muscles to about the value of influx obtained 
in low sodium muscles. 
The Influence of the Internal Sodium Concentration on the Strophanthidin Sensitivity 
of Potassium E~tux  A study similar to the onej ust described for potassium influx 
was carried  out on the sensitivity of potassium efflux to strophanthidin.  The 
hO0 
0.90 
1.00 
0.90 
0.80 
I.O0 
g 
'-'  0.90 
=  0,80  _= 
1.00 
0.90 
0.80 
0 
|  I  I  I  I  I 
20  40  60 
Time in minutes 
FIGURE 3  A  and  B.  Potassium 
efflux from muscles  with  a  low 
internal  sodium  concentration 
in  the  absence  and  presence  of 
10  -5  M  strophanthidin  is  illus- 
trated.  The  external  potassium 
concentration was 5  mM.  Open 
circles refer  to  efflux measured 
in  the  presence  of  strophan- 
thidin.  C  and  D.  Potassium 
efflux  from  muscles  with  an 
elevated  sodium  content  is 
illustrated.  The  other  condi- 
tions  were  identical  to  those 
of parts  A  and  B.  Open  circles 
refer to  eittux  measured  in  the 
presence  of  10  -5  M  strophan- 
thidin.  These  experiments  are 
typical  of  those  reported  in 
Table II. 
results  appear  in  Table  II.  As potassium influx  in the  absence of inhibitor 
showed a  strong dependence on the intracellular  sodium concentration,  it was 
necessary to first determine what effect, if any, a variation in internal  sodium 
concentration has on the rate constant for ~K loss from muscles. The first two 
experiments in Table II show that the rate constant for potassium loss is essen- 
tially  independent  of  the  intracellular  sodium  concentration  in  the  range 
studied. The sensitivity of potassium effiux to the presence of strophanthidin, 
however, was found to be very much influenced by the internal  sodium con- 
centration.  In muscles with a  low sodium concentration  potassium efflux was 
unaffected by 10  -5 M strophanthidin.  This is borne out by the data in Table II 
and by curves A and B in Fig. 3 which illustrates typical semilogarithmic plots R.  A.  SJovm  ANY L.  A.  BEAUO~  Strophanthidin-Sensitive  Components  397 
from which the rate constants presented in Table II were obtained. In muscles 
with a high sodium concentration, however, the rate constant for 42K loss was 
markedly elevated when strophanthidin was present as shown by Table II 
and curves C and D of Fig. 3. On the average, 10  -5 M  strophanthidin increased 
potassium efflux by around 70o/0 in high sodium muscles. 
It may be noted that the conditions under which potassium efflux is in- 
creased by strophanthidin are those favoring a high degree of sodium extrusion 
in the absence of strophanthidin. In addition to a  requirement for a certain 
internal sodium concentration, it is  well-known that sodium extrusion also 
depends upon an adequate potassium concentration in the external medium. 
Removal of potassium ions from the external solution markedly reduces the 
rate at which sodium ions are pumped out of high sodium muscles. The stro- 
phanthidin sensitivity of potassium efflux was tested under conditions in which 
a high intracellular sodium concentration was maintained and potassium ions 
were removed from the medium. In such cases the strophanthidin sensitivity 
was greatly reduced. For three pairs of muscles studied, potassium efflux was 
increased by an average of 24%. As the absolute magnitude of the rate con- 
stant for 42K loss to a Ringer solution with no potassium ions present is much 
lower than the rate constant for ~K loss to a solution containing 5 rnM potas- 
sium, the increment in actual extra potassium eft]tax generated by strophan- 
thidin when no external potassium ions are present is very much less than that 
generated when 5 n~ K  is present. The extra potassium efflux generated by 
~pplication of 10  -5 M strophanthidin when no external potassium ions  are 
present was only 15°-/o of that generated when external potassium is present at 
a  concentration of 5 mM.  It is clear that a  large effect of strophanthidin on 
ootassium efflux requires a high internal sodium concentration and the pres- 
ence of external potassium, both factors favoring a high degree of sodium ex- 
trusion in the absence of strophanthidin. A consideration of mechanisms which 
might explain these observations will be deferred until the discussion of results. 
The findings of the previous two sections can be conveniently summarized 
by stating the average values observed for potassium influx and efflux in units 
of pmoles/cm  ~ see' and considering the flux ratio in the presence and absence 
of 10  -5 u  strophanthidin when the external potassium concentration is 5 raM. 
When  the  intracellular sodium concentration is  low,  potassium influx and 
efflux are both equal to about 8.3 pmoles/cm  2 see. The flux ratio (K efflux/K 
influx) is close to  1 and is not significantly altered by application of 10  -5 M 
strophanthidin. In high sodium muscles, extra potassium influx is generated so 
that the total magnitude becomes about 13.5 pmoles/cm  2 see and the flux ratio 
becomes about 0.5,  taking into account the lowered potassium concentration 
1 Fluxes in units of mmoles/kg hr were converted to fluxes in units of pmoles/cm  2 sec using the con- 
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inside the cells. The flux ratio is now strongly influenced by strophanthidin, 
attaining a value around 1.3 in its presence. 
The Influence of the Internal  Sodium  Concentration on  the Sensitivity  of Sodium 
Ejflux to Strophanthidin  The amount by which sodium effiux could be reduced 
by application of 10  .5 M strophanthidin was also found to depend upon  the 
value  of  the  intracellular  sodium  concentration.  Though  strophanthidin 
brought about a significant reduction in sodium efflux in both muscles with a 
high and with a low sodium concentration, the reduction in efflux occurring in 
muscles with  a  high  sodium concentration was  always greater  both  on  an 
TABLE  In 
THE  EFFECT  OF  10  -5  M  STROPHANTHIDIN  ON  SODIUM  EFFLUX 
FROM  MUSCLES  WITH  REDUCED  AND  WITH  ELEVATED 
SODIUM  CONTENTS 
The  Ringer  solution  contained  5  rnM K  in  all  experiments  reported. 
Rate constants for loss of nNa 
Low ['N'a]/muscles  High [Na]/muscles 
Strophanthidin  Strophanthidin 
Muscle 
pair  Absent  Present  Difference  Absent  Preaent  Difference 
aa I  1.93  1.23  0.70  1.40  0.63  0.77 
bb I  1.73  1.36  0.37  1.48  0.63  0.85 
co'  1.71  1.28  0.43  1.37  0.55  0.82 
dd t  1.45  1.11  0.34  1.35  0.61  0.74 
e I  --  --  --  1.44  0.64  0.80 
f  1.45  1.24  0.21  --  --  -- 
g  2.38  1.87  0.51  --  --  -- 
h  2.47  1.74  0.73  --  --  -- 
Mean  1.87  1.40  0.47  1.41  0.61  0.80 
absolute flux and a  percentage of total effiux basis.  The measured rate con- 
stants  for radioactive sodium loss in the presence and  absence of strophan- 
thidin in Ringer's solution with 5  m~ potassium are presented in Table III. 
The average percentage effiux reductions caused by strophanthidin were 25% 
for muscles with a  low internal sodium concentration and  57%  for muscles 
with a high sodium concentration. A  typical experiment of this type is plotted 
semilogarithmically in Fig. 4. A consideration of the possible relations between 
these results and those reported earlier for potassium ions will be deferred to 
the Discussion. 
The Dependence of Strophanthidin-Sensitive  Sodium Efflux on the External Potas- 
sium  Concentration  Edwards  and  Harris  (1957)  reported  that  the  effect of R,  A.  SJODIN AND L.  A. BEAUOI~ Strophanthidin-Sensitive  Components  399 
strophanthidin on sodium efflux from skeletal muscle is essentially equivalent 
to the effect of removing potassium ions from the external medium. If this is 
the case  a  parallel  should  exist between the  strophanthidin  sensitivity  and 
potassium sensitivity of sodium efflux. To check this point, the strophanthidin 
sensitivity of sodium eftiux from high sodium muscles was measured with a 
lower external potassium concentration  (2.5  rnM).  The reduction in sodium 
effiux brought about by strophanthidin fell from 570-/0 reduction when [K]o  = 
5  mm to  34%  reduction when EK]o  =  2.5  ram.  The dependence of sodium 
efflux on  the external potassium concentration in  the  absence of strophan- 
thidin is shown by Fig. 5. The increment in the rate constant for radioactive 
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sodium loss  over  and  above  that  measured  in  a  K-free solution  is  plotted 
against the external potassium concentration. The  additional sodium efflux 
generated by  external potassium is  observed  to  rise  with  [K]o  along  an  S- 
shaped curve. It is clear that the sensitivity of sodium efflux to strophanthidin 
rises in a parallel fashion along with the sensitivity of sodium efflux to external 
potassium. 
The Strophanthidin Sensitivity  of Sodium Efltux Studied in Sodium-Free Lithium- 
Substituted Ringer's Solution  It is generally agreed that by far the greater part 
of the sodium efflux from frog's sartorius muscle can be accounted for by two 
processes: one a  strophanthidin-sensitive sodium pump,  the other a  sodium- 
for-sodium exchange process termed exchange diffusion. The implication that 
necessarily follows is that when one of these processes is present to only a minor 400  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 ~  •  1968 
extent,  the  other  process must  be  present  to  a  great  extent.  In  view  of the 
rather low degree of strophanthidin sensitivity observed for the sodium efflux 
from muscles with  a  low internal  sodium concentration, one would expect a 
high degree of Na-for-Na movement to be present in these cases if the premise 
stated at the beginning of this section is valid. To see whether this expectation 
would be borne out, experiments were performed in which low sodium muscles 
loaded  with  tracer  sodium  were  passed  from  a  normal  sodium-containing 
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also present. The results of this 
type  of  experiment  are  sum- 
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Ringer solution to a  solution in which all the  sodium ions were replaced with 
lithium ions.  Rate constants for loss of radioactive sodium  were measured in 
both  solutions.  In  some  of  the  cases,  10  -5  M strophanthidin  was  added  to 
lithium Ringer's solution at the final part of the experiment to obtain a  third 
rate constant. A  typical experiment is plotted in Fig. 6. In control cases when 
no strophanthidin  was added, tracer sodium continued to be lost with a single 
rate  constant  in  the lithium-substituted  Ringer  solution  indicating  that  the 
effect of strophanthidin  on the rate constant is not an artifact due to the rate 
constant slowly changing with time. The results are summarized in Table IV. 
First, it is clear that the expectation of a large Na-for-Na component of sodium 
TABLE  IV 
SODIUM  EFFLUX  FROM  MUSCLES  WITH  A  LOW 
INTRACELLULAR SODIUM  CONCENTRATION  INTO 
LITHIUM-SUBSTITUTED  RINGER'S  SOLUTION 
The external potassium  concentration was 2.5 m~ in all experiments  reported 
in table. 
l~ate constant 
in Li solution 
Rate constant  Rate constant  with 10  -5 M 
in Na solution  in Li solution  strophantlddin  k2  ks  ks 
kl  k2  ks  kl  kt  kl 
hr-~  hr-l  hr.-a 
1.63  0.31  0.20  0.19  0.65  0.12 
1.69  0.26  --  0.15 
0.98  0.29  0.16  0.30  0.55  0.16 
1.80  0.42  --  0.23 
1.30  0.24  0.12  0.18  0.50  0.09 
2.44  0.62  --  0.25 
Mean  0.22  0.57  0.12 
effiux from low sodium muscles has been borne out. On the average, the reduc- 
tion in sodium effiux on passing from Na Ringer's solution to Li Ringer's solu- 
tion  was 4.5-fold.  Second,  about half of the  sodium efflux remaining  in  the 
lithium  medium  was  abolished  by application  of 10  -5 M strophanthidin.  A 
small  but  significant  fraction  of sodium  effiux  was  neither  strophanthidin- 
sensitive nor due to Na-for-Na exchange.  It is convenient to refer to this com- 
ponent of effiux as "residual" sodium effiux. The fractionation of total sodium 
effiux in the low sodium muscles exposed to lithium Ringer's solution is thus as 
follows:  78%  Na-for-Na  interchange,  10%  strophanthidin-sensitive  sodium 
pump, and  12°~ residual sodium effiux. 
There is no way to maintain  a  constant internal  sodium concentration  in 
cases in which muscles are transferred to a nonsodium medium. The fractiona- 
tion of sodium effiux made above applies to muscles having an internal sodium 402  THE  JOURNAL  OF  GENERAL  PHYSIOLOOY  •  VOLUME  5~2  -  ~968 
concentration  somewhat lower  than  those  designated  low  sodium  muscles 
since some sodium loss obviously has occurred in the lithium medium. It can 
be  noted,  however,  that  the  strophanthidin-sensitive  component of sodium 
efflux has fallen below the average value recorded for low sodium muscles in 
these experiments.  The  principle  followed,  evidently,  is  that  the lower the 
internal sodium concentration, the lower will be the strophanthidin-sensitive 
fraction of sodium efflux and  the greater will be the sodium-for-sodium ex- 
change component. These points will be discussed further. 
DISCUSSION 
The results presented indicate that the effects of strophanthidin on potassium 
and sodium movements vary over a  wide range depending upon the magni- 
tude of the sodium concentration within the muscle cells. Evidently it is possi- 
ble  to  account for much of the variability in the literature discussed in  the 
Introduction on the basis of variations in intracellular sodium concentrations. 
One might ask where freshly dissected muscles might be expected to stand on 
the scale of effects reported in  this investigation.  Freshly dissected sartorius 
muscle has  an  average  intracellular sodium content  around  I0  mmoles/kg 
(Keynes and Swan,  1959) which is very close to twice the average value at- 
tained in the low sodium muscles in these experiments. In a previous investiga- 
tion  in  which freshly dissected  sartorius  muscles were used  (Sjodin,  1965), 
application  of 5  #g/ml  of strophanthidin did not alter the ratio K  effiux/K 
influx by more than  15~v.  It is clear that the potassium fluxes of freshly dis- 
sected muscles have a strophanthidin sensitivity that is rather close to that ob- 
served in low sodium muscles. The maximum effect of strophanthidin on the 
potassium flux ratio  in high sodium muscles was about a  2.5-fold alteration. 
By noting the effects of strophanthidin on K  and Na fluxes in high sodium 
muscles with the lowest sodium contents within this category, it can be  sur- 
mised that muscles with a sodium content around 1.5 times that of freshly dis- 
sected muscles behave much more like muscles with a  high sodium content 
than like muscles with a low sodium content. Thus the general curve reladng 
strophanthidin sensitivity of K  and Na fluxes to internal sodium concentration 
appears to be S-shaped. In the range from one-half the normal sodium content 
to the normal sodium content,  the curve is rather flat with little change in 
sensitivity. At sodium contents just above the normal value, the curve becomes 
rather steep in the range between normal and  1.5  times the normal sodium 
content. The curve remains rather steep in the range 1.5 times normal sodium 
content to two times normal content. Above an internal sodium content of two 
times the normal value,  the sensitivity relation again becomes flat with not 
much difference between the behavior of muscles with twice the normal so- 
dium content and the behavior of muscles with three times the normal sodium 
content. It is perhaps worth emphasizing that freshly dissected muscles which R.  A.  SJODIN AND  L. A. BmAtrG~  Strophanthidin-Sensitive  Components  4o3 
subsequently gain sodium during an experiment are just in the range where 
the strophanthidin sensitivity of K  and Na fluxes changes most steeply with 
increasing internal sodium concentration. It is easy to visualize how different 
investigators could obtain a variety of divergent results when employing stro- 
phanthidin or ouabain. 
Some specific points  require discussion.  In  muscles with  about  half the 
normal sodium content, the average reduction in potassium influx brought 
about by 10  -5 M strophanthidin amounted to 5%. When the external potas- 
sium concentration is 5 rn~, the average influx reduction in absolute units was 
0.7 pmole/cm  * sec, using conversion factors given previously (Sjodin,  1965). 
It is of interest to compare this finding with the average reduction in sodium 
effiux obtained under the same conditions. When rate constants are applied to 
the internal sodium contents corrected for the amount of sodium residing in 
connective tissue (Harris and Steinbach, 1956; Keynes and Swan,  1959),  the 
average absolute magnitude of the reduction in sodium effiux occurring in the 
presence of strophanthidin is 0.9  pmole/cm  ~  sec. The potassium and sodium 
flux reductions are evidently of the same order of magnitude. The nature of 
the coupling between these components of ionic flux is not elucidated by the 
experiments performed. The strophanthidin-sensitive inward potassium move- 
ment could be coupled to strophanthidin-sensitive outward sodium movement 
via chemical reactions with a  carder complex or by way of electrical forces 
generated by the sodium pump (Mullins and Awad, 1965). 
The remainder of the experimental observations imply that a  large stro- 
phanthidin-sensitive fraction of potassium influx will become apparent  only 
when the strophanthidin-sensitive portion of sodium effiux becomes a signifi- 
cant fraction of the normal potassium influx of around 8 pmoles/cm  ~  sec. This 
can  only  occur  at  elevated  sodium  concentrations.  The  average  absolute 
magnitude of the strophanthidin-sensitive portion of potassium influx in high 
sodium muscles with  [K]o  =  5 rnM was around 5 pmoles/cm  2 sec. The data 
show that the internal sodium concentration must become elevated to at least 
15-20  mmoles/kg for the  strophanthidin-sensitive component  of potassium 
influx to attain this high a value. The actual coupling between sodium efflux 
and :potassium influx in  muscles with  an  elevated sodium concentration is 
complicated by the fact that  the magnitude of the strophanthidin-sensitive 
component of sodium efftux, as deduced from tracer sodium movements, be- 
comes considerably higher than 5 pmoles/cm  ~ sec, indicating that whatever 
the responsible membrane mechanism, the coupling cannot remain essentially 
1-to-1  in these cases. 
The finding that 10  -~ M strophanthidin brings about a rather large increase 
in potassium efflux when the internal sodium concentration becomes high is 
interesting. Some possible explanations will be examined briefly. The effect 
could be due to an increase in the membrane permeability to potassium ions, a 4o4  THE  JOURNAL  OF  GENERAL  PHYSIOLOOY  •  VOLUME  52  •  ~968 
depolarization of the membrane to a potential below EK, or to some peculiar- 
ity of the ion pumping mechanism itself under these conditions. An effect of 
strophanthidin on the potassium permeability of the membrane seems unlikely 
as strophanthidin always reduced potassium influx to a value very close to that 
obtained in muscles with a  low sodium concentration.  If a  permeability in- 
crease to potassium has occurred in the medium containing strophanthidin, 
the potassium influx remaining should be elevated well above that observed in 
low  sodium  muscles.  The  membrane potential  during  recovery of muscles 
from the sodium-rich state is sensitive to strophanthidin (Adrian and Slayman, 
1966).  We  have observed,  however,  that  strophanthidin  reduces the  mem- 
brane potential to values very near EK • To obtain the measured flux ratio of 
1.3  in high sodium muscles in the presence of strophanthidin, the membrane 
potential would have to be about 6 mv below EK on the basis of independent 
potassium fluxes. Though extensive membrane potential measurements have 
not been made under these conditions, those that have been made were not 
this far below EK • It is possible, however, that the theoretical relation for the 
flux ratio contains a  term raised to the (n  -[-  1) power under these conditions 
(Hodgkin and Keynes,  1955 a;  Sjodin,  1965).  In this event, a  much smaller 
departure of the membrane potential from E~ would account for the observed 
flux ratio. Thus one cannot rule out this explanation for the effect of strophan- 
thidin on potassium efflux in muscles with an elevated sodium concentration. 
It was observed that the action of strophanthidin on potassium efflux was very 
much reduced if K  ions were omitted from the Ringer solution.  Under these 
conditions the membrane potential is considerably higher and, again, the elec- 
trical mechanism for the strophanthidin  action on potassium efflux receives 
support.  Finally,  it  is  possible  that  the  sodium  pumping  mechanism  itself 
undergoes a change in specificity in the presence of strophanthidin such that 
the pump operates in reverse, the energy in the sodium concentration gradient 
now being utilized to pump potassium ions in the outward direction. In this 
case, the observed flux ratio could be accounted for even with the membrane 
potential at or somewhat above EK • Supporting the latter explanation is the 
finding that only conditions favoring a  high rate of sodium pumping in the 
absence of strophanthidin yielded the increase in potassium efflux in the pres- 
ence of strophanthidin. A difficulty with this explanation, however, is the fact 
that pump reversal would be most likely to occur when the internal sodium 
concentration is low. Under these conditions strophanthidin did not increase 
potassium efflux. 
The sodium-free effect observed in muscles with a  reduced sodium content 
requires discussion. The average reduction in sodium efflux observed when low 
sodium muscles were passed from Ringer's solution to a  sodium-free lithium 
substituted Ringer solution was 4.5-fold. This is a considerably greater reduc- 
tion than that obtained by Keynes and Swan  (1959)  and by Keynes (1966) R. A.  SjoI~IN AND L.  A.  BEAtlG~.  8trophanthidin-Sensitio,  Components  405 
when freshly dissected muscles with a normal sodium content were employed. 
A halving of sodium efflux was observed under these conditions and about half 
of the sodium efflux was attributed  to  a  process termed exchange diffusion. 
It seems likely that a  similar mechanism is involved in the sodium-free effect 
presently observed. The Na-for-Na interchange process evidently contributes 
more to the total sodium efflux on a fractional basis as the internal sodium con- 
centration is reduced. This trend was also noticed by Keynes and Swan (1959) 
who observed that the reduction in sodium efflux occurring in lithium Ringer's 
solution became greater the longer muscles remained in the lithium solution. 
The observed reduction in sodium effiux became as high as 3-fold under these 
conditions. 
One must exercise some caution, however, in attributing such reductions in 
sodium efflux to a single process called exchange diffusion. Difficulties arise for 
many reasons. Mullins and Frumento (1963) emphasized that the sodium-free 
effect on  sodium  efflux usually termed exchange diffusion can  be  positive, 
negative, or zero in a given experimental situation. The negative effect occurs 
when an increase in sodium efflux takes place upon substituting lithium ions 
for sodium ions in the external medium. The absence of exchange diffusion in 
muscle cells was observed by Keynes and Swan  (1959). A  negative effect has 
been observed in giant axons from the squid  (Hodgkin  and Keynes,  1955 b; 
Mullins, Adelman, and Sjodin, 1962; Sjodin and Beaug~, 1967) and in skeletal 
muscle cells (Keynes, 1965,  1966; Beaug6 and Sjodin,  1968).  Furthermore, a 
Na-for-Na interchange in red blood cells that is sensitive to cardiac glycosides 
has been observed (Garrahan and Glynn, 1967). On one basis this interchange 
could  be  termed  exchange diffusion yet  the  original  usage  (Ussing,  1949) 
applied to a  process not requiring metabolic energy. In view of these uncer- 
tainties it seems wise to avoid the use of descriptive terms at present and to 
emphasize the experimental conditions under which the particular  sodium- 
free effect was observed. 
It is unlikely that more than a  very small fraction of the sodium-free effect 
presently observed is of the cardiac glycoside-sensitive type observed in red 
blood cells.  Horowicz  (1965)  and Keynes  (1966)  have emphasized that the 
effects of strophanthidin  (or ouabain)  and sodium-free solutions in reducing 
the efflux of labeled sodium from frog muscle are independent and additive. 
The same appears to be true for the low sodium muscles studied in this investi- 
gation. The evidence is that lithium substitution alone produced a severalfold 
greater  reduction  in  efflux than  did  application  of  10 -5  M strophanthidin. 
Further evidence is that omitting potassium from the medium had about the 
same effect on sodium efflux from low sodium muscles as application of 10 -s  M 
strophanthidin.  However, the experimental results do not rule out the possi- 
bility that a small, difficult to detect fraction of the Na-for-Na interchange is of 
the red cell type. It should be noted that the present Na-free effects were meas- 406  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUI~E  5  2  •  z968 
ured in the presence of external potassium which has the effect of reducing the 
cardiac glycoside-sensitive Na-for-Na interchange seen in red blood ceils. 
In muscles with a reduced sodium content, we have been able to account for 
about 90%  of the sodium  effiux by considering  Na-for-Na  interchange  and 
strophanthindin-sensitive  sodium pump components. The residual component 
of sodium  efttux  is  of interest  and  requires  further  study.  Its  magnitude  in 
absolute flux units  is about 0.35  pmoles/cm  2 see. The  purely passive leak of 
sodium out of the cells is estimated to be around 0.01  pmole/cm  2 see. Almost 
all the residual efftux must,  therefore,  be due to a  pump or carrier-mediated 
component.  If the Na-for-Na  interchange  process can  be looked  upon  as  a 
reaction  in  which  an  external  sodium  ion  displaces  an  internal  sodium  ion 
from some site in the membrane and the affinity of the sites for lithium ions is 
0.1  the affinity for sodium ions, then most of the residual sodium efflux could 
be due to a  lithium-for-sodium  displacement.  To approach  the problem ex- 
perimentally, other ions will be used as sodium substitutes and a wider variety 
of inhibitors  of metabolism and transport  will be employed. 
This work  was  supported  by a  grant from the National Institute of Neurological  Diseases and 
Blindness (NB-07626). 
Dr.  Beaug6 was  a  Fellow  of the Consejo National de  Investigaciones  Cientificas y  Tecnicas of 
Argentina. 
Received  for publication 28 February 1968. 
REFERENCES 
AVRIAN, R.  H.,  and  C.  L.  SLAYMAN. 1966. Membrane potential and  conductance during 
transport of sodium, potassium and rubidium in frog muscle. J. Physiol. (London). 184:970. 
BEAUG~, L. A., and R. A. SjoDm.  1968. The dual effect  of lithium ions on sodium efflux in 
skeletal muscle. J. Gen. Physiol. 52:408. 
EDWAPmS, C., and E. J. HARRIS. 1957. Factors influencing  the sodium movement in frog muscle 
with a discussion of the mechanism of sodium movement. 3". Physiol. (London). 135:567. 
GAR~H^N, P. J., and I. M. GL'e~N. 1967. The behavior of the sodium pump in red cells in 
the absence of external potassium. J. Physiol. (London). 192:159. 
HAR~US, E. J.  1957. Permeation and diffusion of potassium ions in frog muscle. J. Gen. Physiol. 
41:169. 
HAn_~s, E. J., and H. B. STEmBACH. 1956. The extraction of ions from muscle by water and 
sugar solutions with a study of the degree of exchange with tracer of the sodium and potas- 
sium in the extract. J. Physiol. (London). 133:385. 
HoDog.n% A. L., and R. D. KEYNES. 1955 a. The potassium permeability of a giant nerve fiber. 
J. Physiol. (London). 128:61. 
HODGK~, A. L..  and R.  D. KEYES.  1955 b. Active transport of cations in giant axons from 
Sepia and Loligo. J. Physiol. (London). 128:28. 
HoRowIcz, P. 1965. Sodium movements in frog's sartorius muscle. Acta Physiol. Acad. Sci. Hung. 
Suppl. 26:14. 
HoRowlcz,  P.,  and  C.  GEmSER. 1965. Effect  of external potassium and strophanthidin on 
sodium fluxes in frog striated muscle.  J. Gen. Physiol. 48:489. 
JOHNSON, J.  A.  1956. Influence of ouabain, strophanthidin and  dihydrostrophanthidin on 
sodium and potassium transport in frog sartorii. Am. J. Physiol. 187:328. 
KEYES, R. D. 1965. Some further observations on the sodium effiux in frog muscle. J. Physiol. 
(London). 178:305. R.  A.  SJODIN AND  L.  A.  BEAUO~  Strophanthidin-Hnsitive Components  4o7 
KEYNES, R. D. 1966. Exchange diffusion of sodium in frog muscle. J. Physiol. (London). 184:31P. 
KEYNm, R. D., and G. W. MA~SEL. 1954. The energy requirements for sodium extrusion from a 
frog muscle. Proc. Roy. Soc. (London), Hr. B.  142:383. 
KEYNES, R.  D.,  and R.  C.  SWAN. 1959. The effect of external  sodium concentration on the 
sodium fluxes in frog skeletal  muscle. J. Physiol. (London). 147:591. 
MATCm~TT, P. A., and J. A. Jom~soN.  1954. Inhibition of sodium and potassium transport in 
frog sartorii in the presence of ouabain. Federation Proc. 13:384. 
MtrL~S,  L. J.,  w.  J.  AD~AN, JR.,  and  R.  A.  SjoDrs.  1962.  Sodium and  potassium  ion 
effiuxes from squid axons under voltage clamp conditions. Biophysic. J. 2:257. 
MtrLLmS, L. J.,  and M.  Z.  AWAD. 1965.  The control of the membrane potential  of muscle 
fibers by the sodium pump. J. Gen. Physiol. 48:761. 
MtrL~s,  L. J.,  and A. S.  FRtn~NTO.  1963. The concentration dependence of sodium effiux 
from muscle. J. Gen. Physiol. 46:629. 
SJODm, R. A.  1965. The potassium flux ratio in skeletal muscle as a  test for independent ion 
movement. J. Gen. Physiol. 48:777. 
Sjonn~,  R.  A.,  and  L.  A.  BEAUO~. 1967.  Strophanthidin  sensitive  transport  of cesium  and 
sodium in muscle cells. Hien~e. 156:1248. 
SJODXN, R. A., and L. A. BEAUO~, 1967. The ion selectivity and concentration dcpendcncc of 
cation coupled active sodium transport in squid  giant axons.  Currents Mod. Biol.  (Holland). 
1:105. 
Sjonm, R. A., and E. G.  I-IEr~.~o~.  1964. Tracer and non-tracer potassium fluxes  in frog 
sartorious muscle and the kinetics of net potassium movement. J. Gen. Physiol. 471605. 
Ussmo, H. H.  1949. Transport of ions across cellular membranes. Physiol. P~. 29:127. 